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Abstract 
Photoluminescence (PL) imaging of silicon wafers has become a very valuable characterization technique over the last decade 
since it is fast, non-destructive and can be applied to finished cells as well as cell precursors. In this contribution, we examine the 
grain-to-grain contrasts observed in PL images of as-cut, mechanically polished and alkaline textured wafers from 
multicrystalline (mc) material and material with mono seeds. Understanding the contrasts in PL images of as-cut wafers is of 
special importance, because PL images of as-cut wafers are used for quality rating and the prediction of final solar cell efficiency. 
In some cases, grain-to-grain contrasts can dominate the image appearance while their origin remains unclear. Therefore, we 
investigate the reasons for the observed grain-to-grain contrasts in mc silicon and material with mono seeds. In the as-cut state, 
the reason for grain-to-grain contrasts is found to be an interplay between different reflectivity of the excitation light and different 
electrical surface properties. In the mechanically polished state, there are no optical differences between grains and the 
differences of PL intensity contrasts solely originate from different electrical surface properties whereas for alkaline textured 
surfaces optical effects are the dominant reason for PL intensity contrasts. 
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1. Introduction 
Since its introduction in 2006 [1] photoluminescence (PL) imaging has become a very valuable characterization 
technique in photovoltaics, since it is fast, non-destructive and can be applied to finished cells as well as cell 
precursors. The understanding of PL images of as-cut wafers from multicrystalline (mc) silicon material [2] is of 
major importance, because these images can be used for wafer rating and efficiency prediction as suggested in [3,4]. 
It is an ongoing debate whether efficiency prediction from PL-image evaluation of as-cut wafers is possible. Due to 
the effect of phosphorous gettering and other high temperature steps on the bulk material quality efficiency 
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prediction is considered difficult [5]. Nevertheless recent results show good correlation between measured and 
predicted open circuit voltages by pattern recognition techniques even for unknown manufacturers [6]. Up to now, 
the major interest was focused on the detection of dislocation clusters, grain boundaries and edge contamination 
from the crucible, since these are the efficiency limiting defects, but with increasing material quality more subtle 
features need to be considered. The left part of Figure 1 shows a typical PL image of a mc silicon wafer featuring 
grain boundaries, dislocation clusters and contamination from the crucible edge. The focus of this work is a fourth 
contrast feature, which has scarcely been discussed in literature so far: the intensity contrast between different 
grains.  
 
 
Figure 1: (Left) PL image of an mc-Si wafer. Dislocation clusters, grain boundaries and edge contamination are visible in addition to the grain-
to-grain contrasts. (Right) PL image of a Si wafer from material with mono seed. Because of the large grain size, the wafer serves as an 
excellent object of investigation. 
In 2008, Giesecke et al. attributed grain-to-grain contrasts in PL images of as-cut wafers to superimposed 
reflected light from the excitation laser. Nevertheless, due to ongoing improvements of optical filters in the 
experimental setup, this artifact can be avoided in state-of-the-art measurement setups [7]. Sio et al. [8] used grain-
to-grain contrasts in polished, unpassivated wafers to deduce grain orientation making use of the fact that the density 
of SiO2 – Si interface states between the native oxide and the silicon is different for different grain orientations [9] 
and discussed the influence of grain orientation on surface passivation in a further work [10]. The danger of 
misinterpretation of PL intensity contrasts of different grains due to different passivation effects was mentioned by 
Mtchedlidze et al. [11]. Lehmann et al. investigated contrasts in PL images of as-cut wafers [12] and attributed these 
to different bulk lifetimes because of a crystal-orientation-dependent segregation coefficient of impurities, which 
contradicts to the findings in the present work. In the present work, we give an overview on the reasons for grain-to-
grain contrasts in PL images of as-cut wafer, mechanically polished wafers and alkaline textured wafers. We 
investigate the reasons for the image contrasts in each state quantitatively on a sample wafer. As an investigation 
object, we use a wafer from material with mono seeds. In contrast to a conventional mc-Si wafer, this wafer features 
especially large grains and is hence an excellent object of investigation. A PL image of the wafer in the as-cut state 
is shown in the right part of Figure 1. 
2. Possible theoretical reasons for grain to grain contrasts in PL images of as-cut wafers 
If low-level injection is assumed, the local PL intensity ߮ can be written as proportional to: 
߮ ̱ ቀͳ െ ௙ܴሺ͹ͻͲ݊݉ሻቁන ȟ݊ሺݖሻ ௔ܰ݀ݖ
ௐ
଴
 (1) 
Here ௙ܴ is the reflectivity at 790 nm, which corresponds to the excitation wavelength in the measurement setup, 
ȟ݊ is the excess carrier density, ௔ܰ is the doping density and ܹ is the wafer thickness. The excess carrier density is 
influenced by bulk lifetime and surface recombination velocities. If bulk lifetime and surface recombination 
velocities are known, the excess carrier density profile can be calculated analytically [13,14] or numerically [15,16]. 
From equation (1), we can list the most prominent reasons for PL intensity contrasts: 
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x Different bulk lifetime 
x Different surface recombination velocities 
x Different doping level 
x Different wafer thickness 
x Different reflectivity 
In the following, we discuss which of the above reasons is responsible for the observed grain to grain contrasts in 
the investigated sample wafer. It has to be noted that inhomogeneity of the incident excitation light can also be a 
reason for contrasts in PL images as incident light intensity differs by around 10 % across the illuminated area in our 
setup as well as similar PL setups [17]. Nevertheless this contrast can be neglected for the investigations of this work 
since only contrasts of neighboring areas are investigated. 
3. Experimental approach 
Three neighboring wafers from material with mono seeds, which features especially large grain sizes, are chosen 
for investigation. The experimental approach is depicted in Figure 2. One wafer is mechanically polished to achieve 
a surface, which is as plain as possible. Note that via mechanical polishing different surface morphologies due to 
different grain orientations are completely avoided, while chemical polishing still leaves different surface 
morphologies on the wafer. One wafer is alkaline textured and one wafer is left as-cut. After surface preparation, PL 
images are taken from every wafer. Confocal microscope images are taken across the grain boundary of interest to 
judge differences in surface morphology. Reflectivity measurements are performed at each grain and a 4 point probe 
sheet resistance map is measured to investigate, whether there are doping differences from grain to grain. A forth 
wafer is chemically polished and passivated. Quasi-steady-state photoconductance (QSSPC) measurements [18] are 
performed at the passivated wafer to estimate the minimum bulk lifetime, which is important for a correct 
simulation. 
 
 
Figure 2: Flow chart of experimental approach. 
4. Results and discussion 
Figure 3 shows PL images of the region marked in Figure 1 (right) from the three neighboring wafers with 
differently prepared surfaces. The three bottom images are confocal microscope images of the region marked with 
the red square in the upper row.   
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Figure 3: (Top) PL images and (Bottom) confocal microscope images of the surface. The confocal microscope images are taken from the region, 
which is marked with the red square in the PL image. (Left) Images from a wafer in the as-cut state. (Middle) Images from a neighbouring wafer 
with mechanically polished surfaces. (Right) Images from a neighbouring wafer with alkaline textured surfaces. 
4.1 Optical differences and reflection measurements 
The grain orientation can be concluded from the confocal microscope image of the alkaline textured wafer as 
suggested in [19]. We can hence conclude the “bright” grain to have a (100) orientation and the “dark” grain to have 
a (111) orientation. The grains will be referred to as 100-grain and 111-grain in the following. For the as-cut wafer, 
differences in the surface morphology between the grains are not obvious in the confocal microscope image, but can 
be observed in reflectance measurements – as shown below – and the optical appearance of the wafer. For the 
mechanically polished wafer, there are no differences in surface morphology hence there are no optical differences 
between the grains. Even optical appearance of the wafer shows no differences between the grains. For the alkaline 
textured wafer, the optical differences are most obvious. To quantify the optical differences, we perform reflectivity 
measurements around 790 nm for each grain of the three wafers with a commercially available reflectometer Cary-
5000 from Varian. Reflectivity measurements on a single grain could be performed due to the fact that the grain 
sizes are relatively large in the chosen sample wafer. Reflectivity measurements on single grains on a conventional 
mc silicon wafer would result in experimental difficulties due to the usually small grain sizes. The light input 
ሺͳ െ ௙ܴሻ, which is proportional to the PL intensity is plotted in Figure 4 for wavelengths around 790 nm. It has to 
be assumed that the hemispherical reflectivity measured with incident light hitting the sample perpendicularly is the 
same as for incident light coming from an angle of 20° as it is the case in the used PL-setup.  
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Figure 4: Light input (1 – Rf) for different surfaces and different grains. The red dashed line corresponds to the (100) grain. The black 
continuous line corresponds to the (111) grain. 
From Figure 4, we can conclude that there are no optical differences in the mechanically polished state. Hence, 
the observed PL intensity contrast cannot be due to reflectivity differences. In the as-cut and the alkaline textured 
state, we do observe reflectivity differences. As shown below, these reflectivity differences can only partially 
explain the observed PL intensity contrast. 
4.2 Differences in doping level 
As expressed in equation (1), another reason for intensity contrasts can be a different doping level. A different 
doping level could be caused by different solidification speed in the directed solidification growth process [20]. We 
measure differences in resistance by a 4–point-probe (4pp) sheet-resistance mapping across the region of interest. 
Figure 5 shows 9x9 4pp maps across the region of interest. To visualize the position of the 4pp measurements on the 
wafer, the 4pp map is overlapped with the PL intensity image in the middle part of Figure 5. 
 
Figure 5: (Left) 4pp sheet resistance map of the region of interest. (Middle) Semi-transparent 4pp map overlapped with PL intensity image. 
(Right) Grain boundary drawn into 4pp map. 
If doping differences would be the reason for the observed PL intensity contrasts, we would expect a sharp 
difference in sheet resistance across the grain boundary corresponding to the PL intensity contrasts. Since this is not 
observed, we conclude that doping differences are not the relevant mechanism causing PL intensity contrasts 
between grains. Nevertheless, we do observe differences of sheet resistances along the 4pp map which show no 
correlation to the grain locations. The origin of these differences is not completely clear yet. It could not be traced 
back to thickness differences. 
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4.3 Differences in bulk lifetime and surface recombination velocities 
Both, bulk lifetime and surface recombination velocity (SRVs) affect excess carrier density ȟ݊ and hence PL 
intensity. Exact values of SRVs of bare silicon are hard to be accessed experimentally. But in order to estimate the 
impact of SRV differences on PL intensity, it is sufficient to have a rough estimation of the minimum SRV and an 
estimation of the minimum bulk lifetime. We use the value ͳͲହ cm/s as an estimate for the lower SRV limit for bare 
silicon [21]. To determine the minimum bulk lifetime of the sample wafer, we chemically polished and passivated a 
neighboring wafer on both sides with a stack of silicon-rich oxy-nitride and silicon nitride [22]. After passivation, 
we measured the effective lifetime ߬௘௙௙ with quasi-steady-state photoconductance [18] at different positions of the 
wafer. The measurement results are shown in Figure 6 (left). 
 
Figure 6: (Left) Effective lifetime measured on the passivated sample for different injection levels at three different positions on the wafer. 
(Middle) Simulated variation of PL intensity with bulk lifetime for an SRV of ͳͲହ cm/s. (Left) Simulated variation of PL intensity with surface 
recombination velocity for a bulk lifetime of 80 μs. 
Figure 6 (left) shows that the effective lifetime is larger than 80 μs for every position. Since the bulk lifetime 
߬௕௨௟௞ is always larger than the effective lifetime ߬௘௙௙, we can conclude a minimum bulk lifetime of 80 μs. Note that 
hydrogen entering the bulk material during the passivation process might increase the bulk lifetime slightly. 
Nevertheless the minimum bulk lifetime is a good estimate because lifetime measurement were conducted before 
the firing process. Using the PC1D interface presented in [16], we simulate the impact of bulk lifetime and surface 
recombination velocities on PL intensity. Simulation results for a variation of bulk slifetime with an assumed SRV 
of ͳͲହ cm/s and for a variation of SRV with an assumed bulk lifetime of 80 μs are shown in Figure 6 (middle and 
right). As can be observed from the simulations, even a highly exaggerated variation of bulk lifetime by a factor 10 
only causes a very small PL intensity contrast due to the high SRV of bare silicon. In contrast, only a small variation 
in SRV causes a PL intensity contrast, which is higher than the observed contrasts in Figure 3. 
4.4 Quantitative evaluation of PL contrasts 
We quantitatively evaluate the PL intensity ratios by dividing the mean intensity of the (100) grain, ܲܮଵ଴଴, over 
the mean intensity of the (111) grain, ܲܮଵଵଵ, in each corresponding state. We define the contrast ratio ܲܮ௥௔௧௜௢ in 
percent by ܲܮ௥௔௧௜௢ ൌ ቀ
௉௅భబబ
௉௅భభభ
ቁ כ ͳͲͲ. In Table 1 the quantitative ratios of the grains shown in Figure 1 are listed 
together with the measured light input ratios extracted from the reflectance measurements and simulated ratios for 
representative scenarios. 
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Table 1: Measured and simulated PL ratios and measured light input ratios. 
State PL ratio Light input 
ratio 
Simulated ratio 
 ఝ൫ௌୀଵ଴
ఱ௖௠Ȁ௦൯
ఝሺௌୀଷכଵ଴ఱ௖௠Ȁ௦ሻ
 
Simulated ratio 
߮ሺ߬ ൌ ͺͲͲɊݏሻ
߮ሺ߬ ൌ ͺͲɊݏሻ
 
as-cut 103.6 % 102.0 % 122.8 %  101.4 % 
mechanically 
polished 
122.7 % 100.0 % 122.8 % 101.4 % 
alkaline textured 150.8 % 133.2 % 122.8 % 101.4 % 
 
From the quantitative values of Table 1, we can draw the following conclusions. In all states, even a highly 
exaggerated bulk lifetime ratio of 800 to 80 μs would not be enough to explain the observed PL intensity contrasts 
because of the highly recombinative surfaces of bare silicon. That is true even for the assumption of a relatively low 
SRV. In contrast, an assumed variation of SRV of a factor 3 would be sufficient to explain the observed contrasts 
except for the alkaline textured state. In the as-cut state, the measured ratio of light input alone is not high enough to 
explain the observed PL intensity contrast. We conclude that the observed contrast is partially caused by a different 
light input and partially by different electrical surface properties due to different surface morphologies, which can 
best be observed by visual inspection. In the mechanically polished state, we conclude that the observed contrast is 
only caused by different SRVs due to a different density of SiO2 – Si interface states for different grain orientations 
[9] agreeing with Sio et al. [8]. In the alkaline textured state, the light input ratio alone is not high enough to explain 
the high PL intensity contrast. Since – after alkaline texture – only (111) oriented surfaces face the air, it is unlikely 
that the additional PL intensity difference is caused by differences in surface recombination. More likely, the 
additional PL intensity is caused by the fact that luminescent light originating within the wafer below the (111) 
surface is more likely to get reflected back into the wafer than luminescent light originating below the (100) surface. 
5. Summary and conclusion 
We investigated the PL intensity contrasts between different grains in a sample wafer from material with mono 
seeds in as-cut, mechanically polished and alkaline textured states. We used 4pp sheet resistance mapping, bulk 
lifetime measurements, reflection measurements and carrier density simulations to investigate whether doping 
differences, light input differences, bulk lifetime differences or surface recombination differences are the reason for 
the observed PL intensity contrast. From a quantitative evaluation, we conclude that the reason for the observed PL 
intensity contrast in the as-cut state is an interplay of different light input and different surface recombination 
velocities, whereas in the mechanically polished state the different PL intensities are only explained by different 
surface recombination properties due to a different density of SiO2 – Si interface states. In the alkaline textured state, 
we conclude that the different optical properties are the dominant reason for the observed PL intensity contrast. 
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